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Introduction {#sec1}
============

Enantioselective ring opening of small strained molecules is one of the cornerstone reactions in organic synthesis, providing a convenient access to diverse chiral compounds. However, the main progresses in this domain are limited to small heterocyles, eg, epoxides and aziridines ([@bib20], [@bib30], [@bib40], [@bib43], [@bib51], [@bib52]). Furthermore, significant advances have been made in the Ti-mediated radical-type regiodivergent ring opening of epoxides in recent years ([@bib11], [@bib12], [@bib32]). In contrast, the development of asymmetric ring opening of small carbocycles ([@bib44], [@bib13], [@bib10]) lags behind due to the challenging C-C σ-bond cleavage ([@bib7], [@bib26], [@bib47], [@bib38]). Cyclobutanones have proved to be versatile precursors for ring opening or ring expansion reaction involving C-C σ-bond activation ([@bib34], [@bib35], [@bib36], [@bib37], [@bib29], [@bib54], [@bib17], [@bib18], [@bib23], [@bib3], [@bib56], [@bib22]), but only a few transition-metal-catalyzed asymmetric variants were reported in the last two decades, which are constrained to the following three strategies ([@bib45]): (1) In the pioneering work of Murakami, a method with an Rh-promoted enantioselectivenucleophilic ring opening of prochiralcyclobutanones as key step followed by protonation was accomplished, in which a tethered aryl boronate or phenol can serve as the nucleophile ([Scheme 1](#sch1){ref-type="fig"}A) ([@bib27], [@bib28]); (2) Dong, Cramer, and Murakami developed a variety of Rh- or Ni-catalyzed enantioselective intramolecular cycloadditions of cyclobutanones with various pendant unsaturated units, such as alkenes ([@bib25], [@bib55], [@bib48], [@bib5]), allenes ([@bib57]), aldehydes ([@bib46], [@bib39]), and oximes ([@bib4]), affording an array of bridged bicyclic compounds with high enantiocontrol ([Scheme 1](#sch1){ref-type="fig"}B); (3) Cao, Xu, and coworkers achieved Pd-catalyzed enantioselective electrophilic ring opening of cyclobutanones with the appended aryl halide, and the resultant chiral alkyl Pd(II) species containing an indanone scaffold can be successfully trapped by different nucleophiles including aryl boronic acids, iodide, and alkynes ([Scheme 1](#sch1){ref-type="fig"}C) ([@bib2], [@bib49], [@bib50]). Moreover, metallic Lewis-acid- or organo-catalyzed asymmetric Baeyer-Villiger oxidation of prochiral cyclobutanones has also been established by Bolm ([@bib1]), Imada ([@bib33]), Feng ([@bib58]), and Miller ([@bib9]). To expand the scope of asymmetric ring opening of cyclobutanones, a conceptionally new reaction pathway is still highly desired.Scheme 1Strategies for Enantioselective Ring Opening of Cyclobutanones(A) Nucleophilic Ring Opening Followed by Protonation.(B) Cycloaddition with π-Systems.(C) Electrophilic Ring Opening Followed by Nucleophilic Termination.(D) Electrophilic Ring Opening Followed by Electrophilic Termination.

On the other side, Ni-catalyzed reductive cross-electrophile coupling has emerged as a powerful tool for step-economical C-C bond formation with high functionality tolerance through bypassing the use of organometallics as the coupling partner ([@bib8], [@bib14], [@bib31], [@bib42], [@bib51], [@bib52], [@bib53]). Herein we envisaged a Ni-catalyzed cascade consisting of enantioselective electrophilic ring opening of aryl-iodide-tethered cyclobutanones and the following termination of the generated alkyl Ni intermediate using electrophilic alkyl bromides via reductive strategy, providing a new entry to chiral indanones in asymmetric fashion, which is featured as a characteristic motif in numerous compounds of pharmaceutical interest ([@bib6], [@bib24], [@bib16], [@bib19], [@bib15], [@bib41]) ([Scheme 1](#sch1){ref-type="fig"}D).

Results and Discussion {#sec2}
======================

Optimization of the Reaction Conditions {#sec2.1}
---------------------------------------

For optimization of the reaction conditions, we chose the prochiral cyclobutanone**1a** incorporating an aryl iodide unit and *n*-octyl bromide (**2a**) as model substrates ([Table 1](#tbl1){ref-type="table"}). Initially, various types of chiral ligands including BOX, Pyrox, PHOX, BINAP, DIOP, DuPhos, phosphoamidates etc. were investigated in this Ni-catalyzed reaction. However, all these reactions failed to deliver the desired product. To our delight, the reaction employing the Trost ligand **L1** with chiral 1,2-cyclohexanediamine scaffold provided a promising result in terms of both efficiency and enantioselectivity (entry 1). Encouraged by this result, two additional Trost ligands with different backbones (**L2** and **L3**) were tested for our reaction, giving only inferior results (entries 2 and 3). Moreover, the Trost ligand with naphthyl as linker (**L4**) turned out to be unsuitable for the studied reaction (entry 4). Tuning the substitution on the phenyl ring of **L1** revealed that introduction of the bulky and electron-donating *tert*-butyl could improve the performance of the ligand (**L5**) concerning both reactivity and selectivity (entry 5). In sharp contrast, the desired reaction was completely shut down when the electron-withdrawing CF~3~ was installed on the phenyl substituent of the phosphine ligand (**L6**, entry 6). Next, a brief solvent screening was undertaken (entries 7--11). In general, moderate to good results were obtained in polar solvents (entries 7--9) wherein the best outcome was achieved in the case of 1,3-dimethyl-2-imidazolidinone (DMI, entry 9). In less polar solvents such as THF and MeCN, the formation of the product **3a** was not observed (entries 10 and 11). Subsequently, a series of Ni-precatalysts were examined for this reaction (entries 12--16). Gratifyingly, both efficiency and asymmetric induction could be elevated to a high level when NiCl~2~⋅glyme was utilized (entry 16). Replacing Mn by Zn as the reducing agent gave rise to a diminished yield and enantiocontrol (entry 17). In addition, we also employed the bromo analogue of **1a** as precursor in this domino ring opening/cross-coupling reaction, but the conversion of **1a** was not observed in this case (entry 18).Table 1Optimization of the Reaction Conditions![](fx2.gif)EntryLigandsNi-SaltsSolventYield (%)[a](#tblfn1){ref-type="table-fn"}*ee* (%)[b](#tblfn2){ref-type="table-fn"}1**L1**NiBr~2~⋅glymeDMA66542**L2**NiBr~2~⋅glymeDMA15133**L3**NiBr~2~⋅glymeDMA21194**L4**NiBr~2~⋅glymeDMA0--5**L5**NiBr~2~⋅glymeDMA69766**L6**NiBr~2~⋅glymeDMA0--7**L5**NiBr~2~⋅glymeDMSO81348**L5**NiBr~2~⋅glymeDMF53739**L5**NiBr~2~⋅glymeDMI768710**L5**NiBr~2~⋅glymeTHF0--11**L5**NiBr~2~⋅glymeMeCN0--12**L5**NiBr~2~DMItraceND[c](#tblfn3){ref-type="table-fn"}13**L5**NiI~2~DMI568514**L5**Ni(acac)~2~DMI0--15**L5**Ni(COD)~2~DMI7389**16L5NiCl**~**2**~**⋅glymeDMI8394**17[d](#tblfn4){ref-type="table-fn"}**L5**NiCl~2~⋅glymeDMI237018[e](#tblfn5){ref-type="table-fn"}**L5**NiCl~2~⋅glymeDMI0--[^2][^3][^4][^5][^6][^7]

Substrate Scope {#sec2.2}
---------------

After establishing the optimal reaction conditions, we started to evaluate the substrate spectrum of this Ni-catalyzed reaction ([Scheme 2](#sch2){ref-type="fig"}). First, an array of primary alkyl bromides reacted with the cyclobutanone**1a**. All these reactions proceeded smoothly under the standard conditions, furnishing the product **3a**-**q** in moderate to good yields and good to excellent enantioselectivities. It is noteworthy that a wide range of functional moieties including chloride (**3d**), alcohol (**3e**), nitrile (**3g**), imide (**3h**), ester (**3i**-**q**), ketone (**3k**), and carbamate (**3q**) were well tolerated. Furthermore, the alkyl bromides containing a menthol or epiandrosterone subunit posed no problem, providing the products **3r** and **3s** in good efficiency and high diastereomeric excesses. Moreover, sterically more demanding secondary alkyl bromides also turned out to be competitive substrates for this reaction, and the corresponding products **3t**-**x** were obtained in moderate to good yields and good to high enantiocontrol. Unfortunately, no desired product was formed when tertiary alkyl and benzyl halides were employed as precursors. Next, the impact of geminal substitution on the β-position of the prochiralcyclobutanones was examined. In the case of ethyl and *n*-propyl substituent comparable results were achieved (**3y**-**aa**), whereas no desired reaction occurred in the case of phenyl substitution. The use of mono-substituted cyclobutanone (R^1^= H) as a precursor also failed to deliver the cross-coupling product. Subsequently, we continued to study the scope of this reaction through introduction of either electron-donating or withdrawing groups to the tethered phenyl ring (**3ab**-**ag**), and in all these cases the products were afforded in good yields and good to high enantiomeric excesses. Notably, a 10-mmol-scale reaction for synthesis of **3i** was carried out providing a similar result.Scheme 2Evaluation of the Substrate ScopeUnless otherwise specified, reactions were performed on a 0.2 mmol scale of the cyclobutanones **1** using 2.0 equiv of alkyl bromides **2**, 10 mol% NiCl~2~·glyme, 12 mol% ligand L5, and 2 equiv of Mn in 1.0 mL DMI at 40 ° C for 12 h. Yields of the isolated products after column chromatography. The ee or de were determined by HPLC-analysis on chiral stationary phase. ^d^The reaction was performed on a 10 mmol scale. ^e^Enantiopure precursors were employed.

Derivatization of the Products {#sec2.3}
------------------------------

In order to demonstrate synthetic value of this method, some derivatizations of the cross-coupling product **3i** were conducted ([Scheme 3](#sch3){ref-type="fig"}). First, Clemmensen reduction of the keto-moiety afforded a chiral indane **4** in an excellent yield. Compound **3i** was also successfully subjected to Wittig olefination, providing a geminal disubstituted alkene **5** in a moderate yield. Moreover, the conversion of the indanone **3i** into the corresponding oxime using hydroxyl amine followed by PCl~5~-mediated Beckmann rearrangement delivered a dihydroquinolinone **6** in 56% yield over two steps. In addition, the framework of dihydrocoumarin (**7**) or 3-aryl indene (**8**) can be constructed starting from the indanone **3i** according to the known procedure in the literature ([@bib21]).Scheme 3Derivatizations of the Cross-Coupling Product(A) Zn-Hg, 6 M HCl, toluene/H~2~O, RT, overnight.(B) Ph~3~P^+^CH~2~Br^−^ (1.1 equiv), *t*-BuOK (1.5 equiv), MeOH, 0°C to RT, overnight.(C) NH~2~OH⋅HCl (1.1 equiv), NaOAc (2.0 equiv), MeOH, 60°C, 2 h.(D) PCl~5~ (1.0 equiv), THF, 60°C, 1.5 h.

Mechanistic Studies {#sec2.4}
-------------------

A series of control experiments were designed to uncover the mechanism of this Ni-catalyzed reaction ([Scheme 4](#sch4){ref-type="fig"}). First, we performed the stoichiometric reaction between the cyclobutanone**1a** and Ni(COD)~2~ in the presence of the ligand **L5**. After quenching with water, the formation of the indanone **9** was not observed, whereas the deiodinated product **10** was obtained in 89% yield ([Scheme 4](#sch4){ref-type="fig"}A). Considering that MnI~2~ is present in the catalytic reaction and can serve as Lewis acid to activate the carbonyl group, we performed this stoichiometric reaction with 1 equiv of MnI~2~. Again, only the deiodinated product **10** was generated (83% yield). This result confirms the feasibility of oxidative addition of the incorporated aryl iodide to the Ni(0) species, but the generated Ni(II) complex **11** is not able to further react with the Cyclobutanone to approach the indanone motif. When the reductant Mn (2 equiv) was added to the stoichiometric reaction mentioned earlier, the indanone **9** was furnished in 84% yield ([Scheme 4](#sch4){ref-type="fig"}B). In this case, the aryl Ni(II) intermediate **11** is probably reduced to the corresponding Ni(I) species **12**, which can subsequently undergo two possible reaction pathways: (1) oxidative addition with the cyclobutanone moiety followed by facile reductive elimination from the bridged bicyclic Ni(III) species **13**; (2) migratory insertion into the carbonyl moiety followed by β-carbon-elimination from the Ni(I) complex **14**. In both cases, the Ni(I) intermediate **15** with the indanone scaffold could be approached, which upon protonation leads to the compound **9**. Moreover, the stoichiometric reaction employing the aryl iodide **16** tethering a linear ketone failed to deliver the addition product **17**, arguing against the mechanism involving a Ni(I)-mediated migratory insertion step ([Scheme 4](#sch4){ref-type="fig"}C). Next, the sequential stoichiometric reaction with the addition of *n*-octyl bromide (**2a**) in the second stage provided the coupling product **3a** in 88% *ee*, which is similar to one of the catalytic reactions ([Scheme 4](#sch4){ref-type="fig"}D). This result suggests that the enantiotopic C-C bond activation is probably the enantiodeterming step with generation of the Ni-complex **15**, which can further react with *n*-octyl bromide to reach the product **3a**. Moreover, an alkyl bromide with a pendant olefinic unit (**2z**) was employed as a precursor in the Ni-catalyzed reaction with cyclobutanone**1a** under the standard conditions, which resulted in cyclization of the alkyl bromide prior to the cross-coupling reaction ([Scheme 4](#sch4){ref-type="fig"}E). The corresponding product **3ah** was yielded in a diastereomeric ratio of 1:1, which indicates a free-radical-mediated ring closure for the formation of the cyclopentane ring.Scheme 4Control Experiments(A) Stoichiometric Reaction of **1a** with Ni(COD)~2~.(B) Stoichiometric Reaction of **1a** with Ni(COD)~2~ in the Presence of Mn.(C) Stoichiometric Reaction of **16** with Ni(COD)~2~.(D) Sequential Stoichiometric Reaction.(E) Radical Clock Experiment.

Proposed Catalytic Cycle {#sec2.5}
------------------------

On the basis of the results of the control experiments, we proposed a plausible reaction mechanism for this Ni-catalyzed ring opening/cross-coupling reaction ([Scheme 5](#sch5){ref-type="fig"}). Initially, a Ni(0) species is generated under the reductive condition, which undergoes oxidative addition with the tethered aryl iodide **1**. Next, the resultant Ni(II) complex **I** is reduced by Mn to the Ni(I) intermediate **II**, which in turn performs enantioselective insertion into one of the two C(sp^2^)-C(sp^3^) σ-bonds of the cyclobutanone to give the bicyclic Ni(III) complex **III**. The subsequent C(sp^2^)-C(sp^2^) reductive elimination affords the alkyl Ni(I) species **IV** with the indanone scaffold. In the next step, alkyl bromides **3** conduct oxidative addition to the complex **IV** via the formation of a cage **V** consisting of an alkyl radical and a Ni(II) species. Upon reductive elimination from the intermediate **VI**, the indanone products **3** are furnished. Finally, the Ni(0) species is regenerated for the next catalytic cycle via the Mn-mediated reduction of Ni(I)Br.Scheme 5Proposed Reaction Mechanism

Conclusion {#sec2.6}
----------

In summary, we developed a reductive strategy for ring opening of prochiral cyclobutanones via sequential C−C bond cleavage and electrophilic trapping. Under the catalysis of a chiral Ni-complex in assistance of Mn as reducing agent, various cyclobutanones tethering an aryl iodide were reacted with both primary and secondary alkyl bromides, furnishing a variety of chiral indanones containing a quaternary stereogenic center in good to high enantioselectivities. According to the preliminary mechanistic studies, this tandem reaction proceeds with selective insertion of Ni(I) into the C−C σ-bond of cyclobutaonones as the enantiodetermining step, and the subsequent cage-bound oxidative addition with alkyl bromides and reductive elimination can afford the ring opening/cross-coupling products.

Limitation of the Study {#sec2.7}
-----------------------

Tertiary alkyl and benzyl bromides are not applicable in this methodology.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Data and Code Availability {#appsec1}
==========================

All data and methods can be found in the [Supplemental Information](#appsec2).
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Document S1. Transparent Methods, Figures S1--S131, and Schemes S1--S16
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[^1]: Lead Contact

[^2]: Unless otherwise specified, reactions were performed on a 0.2 mmol scale of the cyclobutanone**1a** using 2.0 equiv of *n*-octyl bromide (**2a**), 10 mol % Ni-precatalyst, 12 mol% ligand and 2 equiv of Mn in 1.0 mL solvent at 40 °C for 12 h.

[^3]: Yields of the isolated product after column chromatography.

[^4]: Determined by HPLC-analysis on chiral stationary phase.

[^5]: Not determined.

[^6]: Zn was used as reductant instead of Mn.

[^7]: The bromo analogue of **1a** was used instead of **1a**.
